Abstract: Over the last two decades, there has an been increasing interest in applying vibrational spectroscopy in palaeontological research. For example, this chemical analytical technique has been used to elucidate the chemical composition of a wide variety of fossils, including Archaean putative microfossils, stromatolites, chitinozoans, acritarchs, fossil algae, fossil plant cuticles, putative fossil arthropods, conodonts, scolecodonts and dinosaur bones. The insights provided by these data have been equally far ranging: to taxonomically identify a fossil, to determine biogenicity of a putative fossil, to identify preserved biologically synthesized compounds and to elucidate the preservational mechanisms of fossil material. Vibrational spectroscopy has clearly been a useful tool for investigating various palaeontological problems. However, it is also a tool that has been misapplied and misinterpreted, and thus, this review is dedicated to providing a palaeontologist who is new to vibrational spectroscopy with a basic understanding of these techniques, and the types of chemical information that can be obtained. Two example applications of these techniques are discussed in detail, one looking into fossil palynomorph taxonomy and other into the enigmatic Burgess Shale-type preservation.
S P E C T R O S C O P Y is the study of the interaction of light with matter. Vibrational spectroscopy, a term that encompasses Fourier transform infrared (FTIR) and Raman spectroscopy, is the study of molecular vibrations induced by the interaction of light with the material under study. The frequencies at which molecular bonds are induced to vibrate by the interaction of electromagnetic radiation are dependent on the masses of the bonded atoms, bond strength, and bond length and geometry. Consequently, molecular bonds will vibrate at certain frequencies, which are the characteristics of a particular chemical functional group, which can facilitate the identification of substances and also may provide clues about their molecular structure. Recently, vibrational spectroscopy has been applied to a wide range of palaeontological problems (Table 1 ). The development of vibrational spectroscopy has opened up an exciting opportunity for palaeontologists to employ FTIR and Raman spectroscopy as a novel tool to solve palaeontological problems. The aim of this review is to provide the palaeontologist with a basic grasp of vibrational spectroscopy by explaining the physical phenomena underpinning the two techniques, the information available from Raman and FTIR spectroscopy and their potential application in palaeontology. This review is organized into three parts. First, we provide a brief explanation of the principles behind FTIR and Raman spectroscopy, and then we discuss two applications of vibrational spectroscopy: the analysis of fossil palynomorphs, and investigating the mechanism behind Burgess Shale-type (BST) preservation.
VIBRATIONAL SPECTROSCOPY
Raman and FTIR spectroscopy offer complementary information and their basic physical principles, and the molecular information they afford are explained below. The short discussion that follows is by no means exhaustive; it is intended to provide a brief explanation of the principles underpinning FTIR and Raman spectroscopy and the types of information available from these techniques. For an extensive in-depth treatment of vibrational spectroscopy, we recommend the following books specifically written for the geoscientist interested applying vibrational spectroscopy as a new approach (McMillan and Hofmeister 1988; Busca and Resini 2006; Gillet 2006; Chalmers et al. 2012 ).
Raman spectroscopy: principles
Raman spectroscopy is named in honour of Chandrasekhara Venkata Raman, who along with K.S. Krishnan in 1928 observed that a small fraction of light scattered by a liquid is changed in wavelength. They reported this phenomenon as a new inelastic (the wavelength of light is changed by the scattering process) light-scattering process, which came to be known as the 'Raman effect' (Raman 1928; Raman and Krishnan 1928a, b) . Raman spectroscopy is a non-destructive, non-invasive analytical technique that provides information about the molecular composition and structure of a sample. The sample is irradiated with a monochromatic light source from a laser-generating ultraviolet (UV), visible or near-infrared (NIR) excitation, and photons are either inelastically or elastically (the wavelength of light is not changed by the scattering process, i.e. no energy loss) scattered. The inelastically scattered light, known as Raman scatter, has lost or gained energy (frequency) during interaction with molecules or crystals, and the emitted photon contains information about the molecular structure and symmetry of the sample. For a substance to produce a Raman spectrum, the molecules must undergo a change in polarizability, which is the distortion of the electron cloud during the vibration of the molecule. The degree to which the electron cloud is distorted is termed the Raman activity. For example, covalently bonded compounds are strongly Raman active. The change in frequencies (Raman shift, cm À1 ) depends on the masses of bonded atoms involved in the vibration (i.e. atomic identity, e.g. C-C vs Fe-O), on the bond strengths (force constants) and on the bond lengths and angles (geometry). In other words, on all the parameters that constitute the structure of a molecule or crystal.
Raman spectroscopy: chemical information obtained 2005) . The accumulation of crystal defects such as vacancies, dislocations, grain boundaries and stacking faults, and the generation of nanocrystallinity will lower or destroy the symmetry of the perfect crystal lattice, which will change the lattice dynamics for that disordered solid. As a consequence, the nearest neighbour interactions for particular vibrational modes are affected and will shift for a particular vibrational frequency. As there is a population of such distortions of nearest neighbour interactions (i.e. many Raman bands for each slight variation in nearneighbour interactions), the resulting Raman band will be significantly broadened (increase in bandwidth). Furthermore, in some cases, this will allow Raman active modes not characteristic of that lattice (Wopenka and Pasteris 2005; Marshall and Olcott Marshall 2011) . Therefore, the density of defects or the degree of structural organization can be determined by measuring the bandwidth.
FTIR spectroscopy: principles
Sir William Herschel was the first scientist to discover infrared (IR) radiation in 1800 (Herschel 1800). However, it was not until 1903 that William Weber Coblentz took advantage of IR radiation to measure the spectra of hundreds of organic and inorganic substances, and he published the first IR spectrum in 1905 (Coblentz 1905 Identification of minerals or organic macromolecular materials by vibrational spectroscopy IR and Raman spectra arise from the internal vibrations of a molecule, and the induced allowed vibrational modes for that molecule can be assigned to identify the sample being analysed. There are four procedures that can be used to assign IR and Raman bands in spectra: 1. Factor group analysis can be used to identify the vibrational modes in solid materials. Based on space group, site symmetries of atoms, and number of atoms in the Bravais unit cell, factor group analysis can be performed to calculate the irreducible representations of vibrational modes that are Raman and IR active to predict the vibrational spectra for a solid (Marshall and Olcott Marshall 2011, 2013) .
2. Density functional theory (DFT) calculations can be used to predict the band positions of various groups in the Raman and IR spectrum; however, this method is perhaps best used for small molecules. 3. Comparison with published group frequency charts. 4. Spectral libraries.
Vibrational spectroscopists typically use the first two methods, while geologists and palaeontologists generally employ the last two methods as they do not require an understanding of vibrational dynamics. Misidentification of vibrational dynamics can lead to erroneous assignment of bands in spectra and lead to the incorrect identification of the material being analysed. Further details on common mistakes can be found in Marshall and Olcott Marshall (2011, 2013) .
Which form of vibrational spectroscopy to choose for fossil analysis?
On an overall structural and compositional level, Raman spectra are often more sensitive to the molecular framework, while FTIR spectra are more sensitive to the functional groups attached to the molecular framework (Mayo et al. 2003) . In addition, inorganic vs organic analysis and autofluorescence must be considered when choosing the appropriate type of vibrational spectroscopy for successfully elucidating fossil chemistry.
As the IR and Raman activities for some molecular vibrations may be allowed in Raman and forbidden in IR or vice versa, these techniques are complementary and can offer a better picture of overall structure and composition if used together. IR and Raman activity are dependent on the bonding character and symmetry of the molecule. Generally, strong bands in IR spectra correspond to weak bands in Raman spectra. The complementary information afforded by IR and Raman spectroscopy is due to the electronic nature of the molecular vibration. For example, if a bond is strongly polarized, a small change in bond length will result during vibrational motion and hence will only have a minor additional effect on polarization of the molecule. Therefore, vibrational modes arising from functionalized organic material such as polar bonds from functional groups such as C-O, C=O, C-N, N-H and O-H are weak Raman scatterers. These polar-bonded functional groups undergo a large change in dipole moment, and consequently, these materials are strong IR absorbers. Therefore, FTIR spectroscopy is the better analytical tool to use on thermally immature functionalized organic matter such as fossil palynomorphs. In contrast, relatively neutral bonds, for example C-H, S-H, C=S, C-C and C=C, will undergo a large change in polarizability during molecular vibration; these materials are therefore strong Raman scatterers. Therefore, Raman spectroscopy is the better analytical technique to investigate metamorphosed polyaromatic macromolecular materials, such as carbonaceous material in BST deposits.
Autofluorescence can be problematic and sometimes can hinder Raman spectral collection resulting in spectra where no Raman bands can be discerned. Figure 1 shows a Raman spectrum affected by autofluorescence, in which one Raman band can only just be discerned on the high fluorescence background. Fluorescence emission in geological samples can arise from transition metals (e.g. chromium, vanadium and manganese), REEs and organic material (e.g. aliphatic hydrocarbons and low molecular weight aromatic hydrocarbons). These substances can either be present within the sample as impurities substituted into the crystal lattice or mixtures present in heter- ogeneous samples. Autofluorescence occurs when the energy of the excitation, typically in the visible region, is adequate to induce an electronic transition in the molecule being interrogated. For example, in thermally immature organic matter, it is the C-H-bonded functional groups that will undergo an electronic transition, thus resulting in autofluorescence generation (Marshall et al. 2006) . The generated fluorescence has a longer lifetime than the Raman effect and hence is more intense than the Raman scattering. Consequently, the spectra obtained typically have much lower signal-to-noise ratios and the Raman bands are superimposed on an intense sloping baseline that increases with increasing Raman shift (Fig. 1B) . However, FTIR spectroscopy does not suffer these effects due to the lower level of molecular excitation. Figure 1 shows the Raman and FTIR analysis of the same acritarch, Leiosphaeridia sp., which is composed of aliphatic hydrocarbons. Note that the FTIR spectra yield information about the sample's chemistry, while only one Raman band may be delineated from an intense sloping baseline. Autofluorescence may be mitigated, using NIR laser excitation (e.g. 1064 nm) to analyse thermally immature organic matter (Marshall et al. 2006) . However, the scattering efficiency drops by the fourth power moving to these longer wavelengths of excitation, which decreases in instrument sensitivity. Generally, IR bands are broader than the equivalent Raman bands for inorganic compounds such as minerals. For example, Figure 2 shows a stack plot of an FTIR spectrum and Raman spectrum acquired from a conodont, Polygnathus sp. The FTIR spectrum contains a broad, strong peak between 1100 and 950 cm À1 assigned to the symmetrical stretching P-O mode of the PO 3À 4 tetrahedron making up fluorapatite (Fig. 2) , whereas the Raman spectrum shown in Figure 2B has a strong, narrow band at 965 cm À1 , which is due to the symmetrical stretching (P-O) mode arising from the vibration of the PO 3À 4 tetrahedron making up fluorapatite. Clearly, Raman spectroscopy is better suited for the analysis of inorganic materials; the bands are narrow, making them readily identifiable. The broad peaks that arise in FTIR spectra of inorganic materials can make band assignment difficult. For example, FTIR spectra collected from quartz have a strong broad peak between 1100 and 900 cm À1 , which arises from the symmetrical stretching Si-O mode of the SiO 4À 4 tetrahedron, thus potentially allowing an incorrect identification of apatite minerals versus quartz. In contrast, the Raman spectra of quartz and apatite minerals contain no overlapping bands. The diagnostic band to identify quartz in a Raman spectrum is a strong narrow band at 464 cm À1 , while the diagnostic signature to identify fluorapatite is a strong narrow band at 965 cm À1 .
Therefore, Raman spectroscopy is better suited to the analysis of inorganic materials such as mineralized fossils.
FOSSIL PALYNOMORPHS
Palynomorphs are microscopic (5 to about 500 lm) organic-walled microfossils of various algal, protozoan, plant, animal and uncertain taxonomic affinity groups. While most palynomorphs can be readily interpreted to a specific taxonomic clade by morphology alone, a few remain enigmatic and difficult to classify. Due to the non-destructive, small analysis volume (1-50 lm) and the molecular information afforded, vibrational spectroscopy has opened up a new way forward for palaeontologists to ascertain the phylogenetic relationships of enigmatic microfossils based on their organic chemistry. The ability to synthesize insoluble non-hydrolysable (INH) biopolymers is found in a few prokaryotes (e.g. cyanobacteria), and across many eukaryotes such as algae, plants and animals (Gelin et al. 1999; Briggs et al. 2000; Versteegh and Blokker 2004; Marshall et al. 2005 Marshall et al. , 2006 Blokker et al. 2006; de Leeuw et al. 2006) . These organic macromolecules are typically recalcitrant (organic compounds resistant to being broken down through chemical processes) and consequently have a high preservation potential. Different types of organism biosynthesize diverse resistant biopolymers of various chemical compositions (Table 2 ). These chemical data can be very informative, as problematic fossil palynomorphs can often be taxonomically assigned based on their biopolymer chemistry. For instance, plants produce a resistant biopolymer termed sporopollenin, which is found in plant spores and pollens. Chemically, sporopollenin consists of abundant oxygenated aliphatic and aromatic moieties giving rise to characteristic spectra (Shaw and Yeadon 1964; Shaw 1970; Hemsley et al. 1996; Dom ınguez et al. 1999; Yule et al. 2000; Dutta, 2006) .
Microalgae that produce recalcitrant cell walls and cysts have been shown to biosynthesize two different types of biopolymers: algaenan and dinosporin. Algaenan is composed of long (>C 22 ), unbranched, cross-linked chains of hydrocarbon, while dinosporin is made up of an aromatic network interspersed with shorter alkyl chains (Kokinos et al. 1998; Versteegh and Blokker 2004) . In extant algae, dinosporin is only known from dinoflagellates, while algaenan has been identified in many different families of algae (de Leeuw et al. 2006) . It has been hypothesized by Gelin et al. (1999) that prasinophyte algal phycoma are likely to be composed of algaenan. Most acritarchs are thought to share affinities with prasinophyte algae. To test this hypothesis, Kodner (2007) and Kodner et al. (2009) performed FTIR spectroscopy on the extant prasinophyte alga Halosphaera sp. and found no indication of algaenan, leading them to conclude that prasinophyte algae do not biosynthesize algaenan and are consequently not good acritarch analogues. However, the FTIR analysis of Halosphaera was performed on a whole phycoma (Kodner 2007), and not on a prepared isolated biopolymer. It has been clearly demonstrated that, with the exception of Botryococcus braunii, which are almost entirely algaenan, FTIR spectroscopy of an algal cyst does not reveal its biopolymer unless the cyst is saponified first, as otherwise proteinaceous materials overwhelm the signal of the biopolymer (Allard et al. 1997 (Allard et al. , 1998 Marshall et al. 2006 ). This is due to the fact that proteins (C=O, C-N and N-H vibrational modes) are stronger IR absorbers than aliphatic hydrocarbons (C-H vibrational modes), and hence, proteins are more IR active and consequently will dominate the IR spectrum. Clearly, caution needs to be exercised when interpreting FTIR data, and a good knowledge of the technique is essential for truly understanding the results.
Comparing the IR spectra of a fossil palynomorph with reference spectra of biopolymers isolated from extant organisms enables the characterization and identification of the preserved biopolymers, thereby establishing the taxonomic affinity of the preserved fossil organism (Marshall et al. 2005 (Marshall et al. , 2006 . Generally, biopolymer structure and composition of fossil palynomorphs are determined by FTIR spectroscopy. Raman spectroscopy is typically not used for fossil palynomorph analysis for two reasons. Firstly, to avoid autofluorescence issues generated from analysing thermally immature organic matter (Fig. 1) . Secondly, the Raman analysis of thermally mature organic fossil palynomorphs does not afford information on the functionalized macro- Sharma et al. 2009 ). Due to the unusually strong Raman scattering efficiency of the sp 2 -hybridized C-C bonded material, the Raman bands will be much stronger and hence dominant over the weaker Raman scattering functional groups consisting of C-H, C-O, C=O and C-N vibration modes. However, for best results, FTIR and Raman spectroscopy should be used together, as this will allow a more complete picture of the overall structure and composition of fossil palynomorphs. For example, Figure 3 shows FTIR and Raman spectra collected from a Neoproterozoic acritarch, Shuiyousphaeridium macroreticulatum. The interpretation of the FTIR spectrum yields a composition for the organic-walled microfossil of a biopolymer made up of a macromolecular structure of condensed aromatic rings bridged by short-branched aliphatic chains (refer to Marshall et al. 2005 for band assignment details), while the Raman spectrum reveals the microfossil to consist of a framework of polycyclic aromatic carbonaceous material composed of isolated polyaromatic layers. Furthermore, Raman spectroscopy can be used to elucidate the basal layer size, L a of the polyaromatic domain, which is derived from the intensity ratio of D and G bands given by L a 
BST PRESERVATION
Cambrian sedimentary sequences contain more localities of exceptionally well-preserved non-biomineralized body fauna than any other rocks in the Phanerozoic (Allison and Briggs 1993). These deposits are referred to as BST, which have significantly enhanced our understanding of key events in animal evolution (Briggs and Fortey 1989; Gould 1989; Edgecombe 1998; Babcock 2001; Hou et al. 2004) . However, the mechanism by which this material becomes exceptionally well preserved is still under debate. Over recent years, there have been several geochemical studies investigating the elemental composition of these materials (Orr et al. 1998; Gabbott et al. 2004; Moore and Lieberman 2009; Lin and Briggs 2010) . Elemental data can be valuable for indicating the distribution of elements in a sample. However, these data only allow inferences to be drawn about potential mineral phases rather than unequivocal identification of mineralogy. Therefore, the application of more detailed molecular techniques could prove useful to elucidate the mechanisms in which these enigmatic deposits are preserved. To this end, only recently, Raman spectroscopy has been applied to decipher the mechanisms responsible for the exceptional preservation of these deposits ( to investigate the source of these fossils based on the spectral differences of polycyclic aromatic carbonaceous materials. Unfortunately, this approach is unsound in that Raman spectroscopy is definitively not sufficient in and of itself to determine the source of polycyclic aromatic carbonaceous materials, either taxonomically between fossil groups, or to distinguish biogenic and abiogenically synthesized carbon ( Meyer et al. (2014) undertook Raman spectroscopic analysis of material from the upper Kliphock Member at Farm Aar of the Aus region in southern Namibia and found the presence of various clay minerals, calcite and carbonaceous material within the fossils. Therefore, many mechanisms might be responsible for this exceptional type of preservation dependant on the geological locality, and more work is required to fully understand such mechanisms.
CONCLUSION
There is a wealth of information that can be obtained from vibrational spectroscopic analyses of fossils, ranging from taxonomic identification of enigmatic microfossils, fossil preservational mechanisms, diagenetic and thermal alteration pathways and histories of fossils, to chemical composition. As Raman spectroscopy is more sensitive to the molecular framework, this type of vibrational spectroscopy is more suited in the analysis of thermally mature carbonaceous materials and inorganic materials such as biomineralized fossils. FTIR spectroscopy is more sensitive to the functional groups attached to the molecular framework of organic macromolecules; thus, the technique is better suited to the analyses of thermally immature palynomorphs and the elucidation of taxonomic affinities which cannot be determined by morphology alone. 
